Background
==========

Pulmonary arterial hypertension (PAH), characterized by chronically increased pulmonary vascular resistance and poor prognosis, is a common cardiovascular disease \[[@b1-medscimonit-23-4391]\]. Pulmonary vascular remodeling is the primary pathological change \[[@b2-medscimonit-23-4391]--[@b4-medscimonit-23-4391]\]. Intimal thickening and plexiform lesions are observed in both primary pulmonary hypertension and Eisenmenger's syndrome. Most intimal cells with intimal lesions showed an immunoprofile of myofibroblasts that were positive for vimentin and alpha-smooth muscle actin \[[@b2-medscimonit-23-4391]\]. The pulmonary artery vascular smooth muscles cells (PA-SMCs) are considered as important factors in vascular activity, vascular modeling, and the maintenance of vascular tension \[[@b5-medscimonit-23-4391],[@b6-medscimonit-23-4391]\]. Congenital heart diseases (CHDs), such as ventricular septal defects and patent ductus arteriosus, are the most important factors inducing PAH in childhood. In the early stages of PAH induced by CHDs, when there is no pulmonary vascular remodeling, the proliferation of PA-SMCs stops and is reversible if the CHD is cured. At an advanced stage, when obstructive pulmonary hypertension is formed, the proliferation of PA-SMCs is uncontrollable and irreversible. The inflection point and the key regulation factor in the progress of PAH that changes reversible PA-SMC proliferation to irreversible damage remain unknown; it is also unknown when the inflection point emerges and how the key regulation factor functions.

A previous study found a similarity between tumors and the vascular lesions in severe PAH in the following aspects: angiogenesis, evasion of apoptosis, self-sufficiency in growth signals, insensitivity to anti-growth signals, tissue invasion and metastasis, and limitless replicative potential \[[@b7-medscimonit-23-4391]\]. Cancer-like pathways were found in the pathomechanisms of vascular lesions in severe pulmonary hypertension; furthermore, the use of drugs targeted at neoplasms has been suggested for the treatment of severe PAH \[[@b8-medscimonit-23-4391]\].

To maintain genome stability after DNA damage, there exists a series of regulation mechanisms to detect and rapidly repair DNA damage \[[@b9-medscimonit-23-4391],[@b10-medscimonit-23-4391]\]. The molecular network for maintaining genetic stability is called the DNA damage response (DDR). Many studies based on tumors revealed that the ataxia-telangiectasia mutated (ATM) gene, whose malfunction participates in the pathogenesis of tumors, is the core regulator factor of the DDR network \[[@b11-medscimonit-23-4391],[@b12-medscimonit-23-4391]\]. Previous studies suggested that the inhibition of ATM or its downstream genes could increase the risk of cancer \[[@b13-medscimonit-23-4391],[@b14-medscimonit-23-4391]\]. However, DDR was also found in pulmonary vascular remodeling \[[@b15-medscimonit-23-4391],[@b16-medscimonit-23-4391]\]. A study of PAH patients revealed the existence of a DNA mutation in endothelium cells and PA-SMCs \[[@b15-medscimonit-23-4391]\]. The function of the ATM gene in DDR is clear for the formation of tumors; however, whether it also exerts an effect on pulmonary vascular remodeling, where DDR is also present, remains unknown. Based on the aforementioned studies, we hypothesized that the ATM pathway participates in the proliferation or apoptosis of PA-SMCs.

In this study, we measured expression changes in the ATM-Chk2 pathway in a rat PAH model induced by left lung recession plus a monocrotaline (MCT) injection. Moreover, we examined the effect of KU60019, an ATM inhibitor, on the proliferation and apoptosis of primary cultured PA-SMCs.

Animal model and methods
------------------------

### Animal model

All Sprague-Dawley rats (SD rats) were purchased from Chengdu Dashuo Biological Technology Co Ltd. The Experiment Animal Administrative Committee of Sichuan University approved all animal procedures for this study.

### Group M (PAH model)

Male SD rats (350--400 g) underwent left lung resection and were injected subcutaneously with MCT (60 mg/kg) 1 week after surgery. Three weeks (Group M1), 5 weeks (Group M2), and 7 weeks (Group M3) after drug injection, the pulmonary expression of ATM, Chk2, P53, and P21 was measured in each rat.

### Group C (control Group)

The pulmonary expression of ATM, Chk2, P53, and P21 was measured in 8 male SD rats (350--400 g) with no treatment.

Material and Methods
====================

Pressure and stereology analysis
--------------------------------

Rats were anesthetized by chloral hydrate. Before euthanasia, the mean pulmonary artery pressure (PAP) was measured by a transvenous catheter through the jugular vein. After the rats were sacrificed, the heart was dissected to measure the weight of the right ventricle (RV), and the weight of the left ventricle and ventricular septum (LV+S); these values were used to calculate RV/(LV+S) and evaluate the hypertrophy of RV. One part of the right lung tissue was embedded in paraffin for hematoxylin and eosin (HE) staining and immunohistochemistry studies; the other part was used for RT-PCR and Western blot assays.

Immunohistochemistry
--------------------

Immunohistochemistry was used to evaluate the expression of ATM pathway genes on PA-SMCs. We chose representative genes: ATM/phosphorylated ATM, Chk2, P53/phosphorylated P53, and P21. Immunohistochemistry techniques were performed as follow. First, sliced samples were dehydrated in the following steps: 3 times in dimethylbenzene for 5 min each, twice in 100% ethanol for 3 min each, in 90% and 70% ethanol for 3 min each, washed with water for 3 min, in double-distilled water for 3 min, and washed 3 times in phosphate-buffered saline (PBS) for 3 min. After dehydration, the EDTA antigen retrieval solution (pH 9.0) was added to the samples for antigen retrieval in a 97^o^C water bath for 40 min. After natural cooling, the samples were washed 3 times with PBS for 3 min each. Then, the samples were incubated with 3% H~2~O~2~ for 15 min and washed again 3 times with PBS for 3 min each. The samples were incubated with primary antibody ([Table 1](#t1-medscimonit-23-4391){ref-type="table"}) at 37°C for 45 min and washed 3 times with PBS for 3 min each. Next, the samples were incubated with secondary antibody ([Table 1](#t1-medscimonit-23-4391){ref-type="table"}) at 37°C for 45 min and washed 3 times with PBS for 3 min. Then, the diaminobenzidine (DAB; 100 μL) chromogenic reagent was added to the samples. After coloration, samples were washed with distilled water.

Real-time polymerase chain reaction (RT-PCR)
--------------------------------------------

RT-PCR of the right lung was used to detect the expression of ATM, Chk2, P53, and P21. The primer sequences were as follows:

1.  ATM: forward: 3′-GCTTATGACGTTGCATGAAACG-5′

2.  reverse: 3′-GTGACGGGAAATATGGTGGATT-5′

3.  Chk2: forward: 3′-AAGAGACGAATACATCATGTCAAAAACT-5′

4.  reverse: 3′-GGCCACTTTCTTACACGTTTTCC-5′

5.  P53: forward: 3′-TCCTCCCCAACATCTTATCC-5′

6.  reverse: 3′-GCACAAACACGAACCTCAAA-5′

7.  P21: forward: 3′-CGGGCAGTCCCTTCTAGTTCC-5′

8.  reverse: 3′-AATGCTTGAGCACACACGAG-5′

The conditions for the RT-PCR amplification were as follows:

ATM and glyceraldehyde 3-phosphate dehydrogenase (GAPDH):

1.  95°C for 10 s, 60°C for 30 s, and 72°C for 30 s (40 cycles).

2.  Chk2 and GAPDH: 95°C for 10 s, 58°C for 30 s, and 72°C for 30 s (40 cycles).

3.  P53 and GAPDH: 95°C for 10 s, 58°C for 30 s, and 72°C for 30 s (40 cycles).

4.  P21 and GAPDH: 95°C for 10 s, 58°C for 30 s, and 72°C for 30 s (40 cycles).

Western blotting
----------------

Lung tissue stored at −80°C was used for Western blotting. The samples were lysed in a buffer with phosphatases and protease inhibitors. The proteins (200 μg) were loaded in a 4--12% Bis-Tris gel (Life Technologies, Carlsbad, USA) and transferred onto PVDF membranes (Merck Millipore, Germany). The membranes were incubated with the antibodies described in [Table 2](#t2-medscimonit-23-4391){ref-type="table"} overnight at 4°C. Antibody binding was detected by an anti-mouse HRP secondary antibody (ab97040, Abcam, UK) and visualized with the ECL development solution (ab133406, Abcam, UK). The Gel-Pro analyzer was used to measure the integrated optical density (IOD) of the samples.

Primary PA-SMCs isolation and culture
-------------------------------------

A few parts of the lungs from Group M2, in which ATM expression was increased, were used for PA-SMCs isolation and culture. Rat PA-SMCs were isolated and cultured following the protocol previously described by Yin \[[@b17-medscimonit-23-4391]\]. Assays were performed at passages 3-5. The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay was used to evaluate cell proliferation and the TdT-mediated dUTP nick-end labeling (TUNEL) assay was used to measure apoptosis.

Proliferation of PA-SMACs
-------------------------

The MTT assay was used to assess the proliferation of PA-SMACs treated with different concentrations of KU60019 (Selleck, Houston, USA), an ATM inhibitor. Cells were cultured in 96-well plates with 5×10^4^ cells/well. Different concentrations of KU60019 were added to the cells: 0.1 μM, 0.3 μM, 0.5 μM, and solvent for 24 h. MTT tetrazolium (Sigma-Aldrich, St. Louis, USA) was added to the cells for 4 h. After that, the formation of colored formazan was assessed by a spectrophotometer at 570 nm. The procedure was performed 3 times for each sample.

Apoptosis of PA-SMACs
---------------------

Apoptosis was evaluated by TUNEL. The PA-SMCs were divided into 4 groups: Solvent Group: cells without treatment, KU60019 Group: cells treated with 1 μM KU60019 for 24 h, H~2~O~2~ Group: cells treated with 200 μM H~2~O~2~ for 24 h,

KU60019 + H~2~O~2~ Group: cells treated with 1 μM KU60019 and 200 μM H~2~O~2~ for 24 h.

The TUNEL reaction mixture (Roche, Switzerland) was added to the cells according to the manufacturer's instructions. Then, apoptosis was detected with a fluorescence microscope. Quantification of apoptosis was performed in 5 images for each sample.

Statistics
----------

Statistical analyses were performed by SPSS 23.0. Scaler variables were tested for normal distribution, and data following normal distribution were expressed as mean ±SE. The results were analyzed by ANOVA. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Animal model
------------

The animal models were successfully established and showed signs of severe PAH. The PAP in Group M1 was higher than in the Control Group, and it became much higher in Groups M2 and M3, where severe PAH formed. The pressure in Group M2 and Group M3 showed no significant differences ([Figure 1A](#f1-medscimonit-23-4391){ref-type="fig"}). The RV/(LV+S) also kept significantly increasing in Group M1 and Group M2 when compared with the Control Group; however, there are no significant differences between Group M2 and Group M3 ([Figure 1B](#f1-medscimonit-23-4391){ref-type="fig"}). HE staining of right lungs in the Control Group seemed normal, but showed thickened vascular muscle cells in Group M1. HE staining of right lungs demonstrated obvious vascular lesions in Group M2 and Group M3, which suggested the formation of severe PAH ([Figure 1C](#f1-medscimonit-23-4391){ref-type="fig"}).

Immunohistochemistry
--------------------

To examine the expression of the ATM-Chk2 pathway on vascular smooth muscle cells, immunohistochemistry was performed. Results show that the expression of ATM, Chk2, and P21 increased in Groups M1 and M2 compared with the Control Group, and decreased in Group M3 when compared with Groups M1 and M2. Furthermore, expression of P53 increased in Group M1 compared with the Control Group, and decreased in Groups M2 and M3 compared with Group M1 ([Figure 2](#f2-medscimonit-23-4391){ref-type="fig"}). This analysis suggested that expression of the ATM-Chk2 pathway in vascular smooth muscle cells increased in the early stages of PAH, but decreased in the late stages once severe PAH was formed.

RT-PCR
------

To determine the expression of genes involved in the ATM-Chk2 pathway in the lung, RT-PCR was performed. Results demonstrated that in Groups M1 and M2, the expression of ATM, Chk2, P53, and P21 increased compared with the Control Group, whereas it decreased in Group M3 compared with Group M1 ([Figure 3A](#f3-medscimonit-23-4391){ref-type="fig"}). This result suggests that expression of the ATM-Chk2 pathway in the lung increased in early stages of PAH (Group M1), but decreased in late stages of PAH (Group M2 or M3).

Western blotting
----------------

To determine the expression of proteins involved in the ATM-Chk2 pathway in the lung, Western blotting was performed. Results show that the expression of ATM, Chk2, P53, and P21 gradually increased in Group M1 and Group M2 compared with the Control Group. Proteins reached the highest expression in Group M2. According to the stereology study, severe PAH formed in Group M2; however, in Group M3, where severe PAH still existed, protein expression significantly dropped compared with that in Group M1 and Group M2 (P\<0.05) ([Figure 3B](#f3-medscimonit-23-4391){ref-type="fig"}). The results suggest that the expression of proteins from the ATM-Chk2 pathway in the lung increased in early stages of PAH (Group M1), but decreased in late stages (Group M3). These results are consistent with the results obtained with RT-PCR.

Effect of KU60019 on the proliferation of PA-SMCs
-------------------------------------------------

MTT was performed to test the effect of KU60019 on the cell growth of PA-SMCs. We tested the effect of KU60019 with different concentrations, including 0.1 μM, 0.3 μM, and 0.5 μM. The results demonstrated that at a concentration of 0.5 μM, KU60019 increased cell growth more noticeably compared with other groups ([Figure 4A](#f4-medscimonit-23-4391){ref-type="fig"}).

Effect of KU60019 on the apoptosis of PA-SMCs
---------------------------------------------

The TUNEL assay demonstrated the anti-apoptosis effect of 0.5 μM KU60019 on PA-VMCs ([Figure 4B, 4c](#f4-medscimonit-23-4391){ref-type="fig"}). We evaluated different concentrations of H~2~O~2~ and chose 200 μM H~2~O~2~, which induced maximum apoptosis. KU60019 clearly reduced the apoptosis rate in the presence of H~2~O~2~ and seemed to reduce apoptosis when compared with the solvent group without H~2~O~2~ (p=0.096). This result suggests that by reducing the expression of ATM, cell apoptosis could also be reduced.

Discussion
==========

ATM is considered a core factor in DDR. When DNA damage occurs, the ATM pathway, including ATM and its downstream genes, is activated to finalize the DNA repair \[[@b18-medscimonit-23-4391],[@b19-medscimonit-23-4391]\]. In case of double-strand breaks in DNA, the ATM pathway is activated via phosphorylation of ATM. The phosphorylated ATM combines with damaged DNA and phosphorylates the Chk2 protein. This activates P53, followed by the activation of other downstream proteins to form the cascade effect for the repair of double-strand breaks. Cells and organs survive with malfunction or mutations in the ATM at the cost of genome instability or development of cancer \[[@b18-medscimonit-23-4391]\]. Research on the function of the ATM-Chk2 pathway is mainly based on mutation analyses of the pathway genes in tumors. These studies, which supported the existence of DDR in PAH patients \[[@b15-medscimonit-23-4391],[@b16-medscimonit-23-4391]\], provided us with the idea that the ATM pathway participates in DNA repair of PAH patients.

Several studies provided evidence supporting a similarity in abnormal proliferation between PA-SMCs in severe PAH and tumors. In severe PAH, there is a decrease in the expression of type II bone morphogenetic protein receptor (BMPR II) in PA-SMCs \[[@b20-medscimonit-23-4391]\]. This research revealed the insensitivity of PA-SMCs to growth inhibitory signals, similar to tumors, as BMPR II can inhibit cell proliferation. Similar to tumor cells, the metabolism of mitochondria and the oxidation-reduction signal pathway were abnormal in PA-SMCs of severe PAH, which resulted in depolarization of the cell membrane, increased calcium and potassium in the cytoplasm, and increased ability to resist apoptosis \[[@b21-medscimonit-23-4391],[@b22-medscimonit-23-4391]\]. Recent studies suggested that mircroRNA-17 participates in both PA-SMCs proliferation and cervical cancer tumorigenesis \[[@b23-medscimonit-23-4391],[@b24-medscimonit-23-4391]\]. Based on the similarity between PA-SMCs of severe PAH and tumors, and on the existence of DDR in the 2 types of diseases, we considered that the ATM pathway plays an important role in the formation of PAH, just as in tumors.

In our study, immunohistochemistry, RT-PCR, and Western blot results demonstrated that in the formation of PAH (Group M1), the expression of downstream effectors of the ATM pathway (ATM, Chk2, P53, and P21) increased significantly. As the disease progressed to severe PAH (Group M3), the expression of ATM, Chk2, P53, and P21 decreased significantly. The results suggest that the ATM pathway was activated in early and middle stages of PAH. However, in later stages of PAH, expression of the ATM pathway significantly decreases. This phenomenon indicates that the ATM-Chk2 pathway plays a key role in early stages of PAH, but not in later stages.

To further verify the role of the ATM pathway in the proliferation and apoptosis of PA-SMCs, we used KU60019 to inhibit the expression of ATM in primary cultured cells. We used cells in the middle stages of PAH, where ATM is upregulated. Results show that inhibition of ATM was followed by increased proliferation and reduced apoptosis of PA-SMCs. In other words, in the middle stages of PAH, the upregulated ATM seems to prevent PA-SMCs from growth in order to slow down the development of PAH. It is well established that ATM signaling arrests proliferation and induces apoptosis \[[@b25-medscimonit-23-4391]--[@b27-medscimonit-23-4391]\]. In our study, inhibition of ATM signaling seemed to enhance PA-SMCs proliferation. A previous study suggested that inhibition of P53 resulted in increased PA-SMCs proliferation \[[@b28-medscimonit-23-4391]\], and KU60019 markedly reduced the level of P53 \[[@b29-medscimonit-23-4391]\]. These findings suggest that KU60019 induces cell proliferation through inhibition of P53.

Conclusions
===========

In summary, this study revealed the expression of the ATM pathway in a rat PAH model. Additionally, we demonstrated the modulating role of the ATM pathway in the proliferation and apoptosis of rat PA-SMCs. In this study, expression of the ATM pathway increased in early stages of PAH formation, but decreased in late stages when severe PAH developed. In primary cultured PA-SMCs from middle stages of PAH, the ATM inhibitor KU60019 increased cell proliferation and inhibited cell apoptosis.
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![(**A**) \* The PAP was higher in Group M1 compared with Control Group (Group C) (p=0.02). \*\* The pressure was significantly higher in Group M2 compared with Group C (p\<0.01) and Group M1 (p\<0.01). (**B**) RV/(LV+S) continued to increase in Group M1 and Group M2 compared with the Control Group (Group C) (p\<0.05). \* p\<0.01 *vs.* Group C, \*\* p\<0.01 *vs.* Group C, p=0.02 *vs.* Group M1. (**C**) HE staining of right lungs in Control Group (A), Group M1 (B), Group M2 (C), and Group M3 (D). The figure demonstrates a normal arteriole in the Control Group and severe vascular lesions in Group M2 and Group M3, suggesting the formation of severe PAH (×400).](medscimonit-23-4391-g001){#f1-medscimonit-23-4391}

![Representative images of immunohistochemistry experiments (×400). From left to right: (**A**) Increased ATM expression in Group M1 compared with Group C, and decreased ATM expression in Group M3 compared with Group M1 and M2. (**B**) Increased phosphorylated ATM expression in Group M1 and M2 compared with Group C, and decreased phosphorylated ATM expression in Group M3 compared with Group M1 and M2. (**C**) Increased Chk2 expression in Group M1 and M2 compared with Group C, and decreased Chk2 expression in Group M3 compared with Group M1 and M2. (**D**) Increased P53 expression in Group M1 compared with Group C, and decreased P53 expression in Group M2 and Group M3 compared with Group M1. (**E**) Increased phosphorylated P53 expression in Group M1 compared with Group C, and decreased phosphorylated P53 expression in Group M2 and Group M3 compared with Group M1. (**F**) Increased P21 expression in Group M1 and M2 compared with Group C, and decreased P21 expression in Group M3 compared with Group M1 and M2.](medscimonit-23-4391-g002){#f2-medscimonit-23-4391}

![(**A**) RT-PCR of ATM and its downstream genes. (**a**) \* Expression of ATM increased in Group M1 compared with Group C (p\<0.001); \*\* expression of ATM decreased in Group M2 and M3 compared with Group M1 (p=0.002 and p\<0.001, respectively). (**b**) \* Expression of Chk2 increased in Group M1 and M2 compared with Group C (p\<0.001); \*\* expression of Chk2 decreased in Group M3 compared with M1 and M2 (p\<0.001). (**c**)\* Expression of P53 increased in Groups M1 and M2 compared with Group C (p=0.01 and p=0.02, respectively); \*\* expression of P53 decreased in Group M3 compared with M1 and M2 (p\<0.001). (**d**) \* Expression of P21 increased in Group M1 compared with Group C (p\<0.001); \*\* expression of P21 decreased in Group M2 and M3 compared with M1 (p\<0.001 and p\<0.001, respectively). Although there was an apparent increase in Group M3 when compared with Group M2, there were no statistically significant differences (p=0.5). (**B**) Western blotting on rat lungs. (**a**) Protein levels of ATM, Chk2, P53, and P21 in rat lungs. (**b--e**) Assessment of ATM, Chk2, P53, and P21 levels by IOD. \* p\<0.05 *vs.* Group C, \*\* p\<0.05 *vs.* Group M2.](medscimonit-23-4391-g003){#f3-medscimonit-23-4391}

![(**A**) Proliferation of PA-SMCs after treatment with different concentrations of KU60019. With increasing concentrations of KU60019, PA-SMCs showed increased activity in the 0.3 μM and 0.5 μM groups. With a concentration of 0.5 μM, the increase in cell growth was more noticeable, when compared to other groups. (A) solvent group, (B) 0.1 μM KU60019, (C) 0.3 μM KU60019, (D) 0.5 μM KU60019. \* p\<0.001 compared with base group, \*\* p\<0.001 compared with base group, p=0.012 compared with 0.3 μM group. (**B**) Apoptosis rate of PA-SMCs with different treatments. \* p=0.096 compared with solvent group, \*\* p\<0.001 compared with solvent group, \*\*\* p=0.008 compared with H~2~O~2~ group. (**C**) Representative images of TUNEL assay with DAPI. Cell nuclei are blue (DAPI), apoptotic cells are green. (A) solvent group, (B) KU60019 group, (C) H~2~O~2~ group, (D) KU60019 + H~2~O~2~ group.](medscimonit-23-4391-g004){#f4-medscimonit-23-4391}

###### 

Primary and secondary antibodies used for immunohistochemistry.

  Antibody                              Host     Dilution   Company
  ------------------------------------- -------- ---------- ------------------
  ATM (primary)                         Mouse    1: 200     Abcam (ab78)
  Phosphorylated ATM (primary)          Mouse    1: 200     Abcam (ab36810)
  Chk2 (primary)                        Rabbit   1: 100     Abcam (ab47433)
  P53 (primary)                         Mouse    1: 400     Abcam (ab26)
  Phosphorylated P53 (primary)          Rabbit   1: 100     Abcam (ab33889)
  P21 (primary)                         Rabbit   1: 300     Abcam (ab109199)
  Envision™ Detection Kit (secondary)                       Dako (K5007)

###### 

Primary antibodies used for Western blot.

  Antibody   Host     Dilution   Company
  ---------- -------- ---------- ------------------
  ATM        Mouse    1: 1000    Abcam (ab78)
  Chk2       Rabbit   1: 1000    Abcam (ab47433)
  P53        Mouse    1: 2000    Abcam (ab26)
  P21        Rabbit   1: 1000    Abcam (ab109199)
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